Herman Melville's novel Moby-Dick contains a surprising number of mathematical allusions. In this article we explore some of these, as well as discussing the questions that naturally follow: why did Melville choose to use so much mathematical imagery? How did Melville come to acquire the level of mathematical knowledge shown in the novel? And is it commensurate with the general level of mathematical literacy at that time?
Introduction
Moby-Dick is one of the most famous novels ever written. 'It is a surpassingly beautiful book,' wrote D.H. Lawrence in 1922. 'It is a great book, a very great book, the greatest book of the sea ever written. It moves awe in the soul. ' Melville deploys a vast array of literary, cultural and religious references, symbolism and imagery. Any mathematician reading Moby-Dick would be struck, as I was, by the number of mathematical references, and evident mathematical knowledge, shown by that book (several examples will be given in this paper). But is the number of mathematical references really unusual? What were contemporary authors doing and saying? Was Melville especially mathematical? If so, why? I will argue that yes, Melville was indeed atypical in his level of mathematical knowledge, and moreover that he evidently enjoyed mathematics and was good at it. The main motivation for this article is to explore these questions, but it is hoped that the examples and quotations discussed could also be useful pedagogically, as a way for educators to contextualise some of the mathematics which is referenced. Finally, we hope that this article reinforces the idea of Melville as being another counterexample, were one needed, to the false 'two cultures' dichotomy.
Melville must be one of the most written-about authors, and Moby-Dick one of the most written-about books, of all time. There are many biographies, and numerous journal articles -indeed at least one dedicated journal, Leviathan, of Melville studies. Yet I have only been able to find two papers (Turpin, 2015; Farmer, 2016) among the hundreds written by Melville scholars that address this aspect of Melville's work -neither of them explicitly focuses on the mathematics of Moby-Dick. Turpin's essay looks at instances of Melville's allusions to mathematics in the context of his (Melville's) interest in Platonic idealism. Meredith Farmer's excellent article on Melville's education (Farmer, 2016) sheds light on the unusual opportunities Melville had for learning science and mathematics; the essay convincingly refutes the prevailing view among his biographers that Melville 'had no more instruction in science' 'than the average boy of his times'. Mathematical references can be found in many, perhaps all, of Melville's novels. In Mardi, for example, he has the character Babbalanja cry out 'Oh Man, Man, Man! Thou art harder to solve, than the Integral Calculus'. Elsewhere another character, in frustration at Babbalanja's philosophising, retorts: 'Away with your logic and conic sections!' Mardi, though, had such a terrible critical reception that Melville promised his publisher that his next book would contain 'no metaphysics, no conic-sections, nothing but cakes & ale' (see Turpin, 2015) . This may have been true for that next book, Redburn, but by the time Moby-Dick came along, Melville had most assuredly reneged on his promise. Moby-Dick seems to me the most mathematical of all Melville's books, and it is therefore on Moby-Dick that this essay concentrates.
We start in Section 2 with a brief biography of Herman Melville; in Section 3 we give an overview of Moby-Dick and its critical reception. Section 4 looks at some of the ways mathematical imagery is deployed in the novel, as evidence that Melville was an unusually mathematically-minded writer. We then look in Section 5 in more detail at Melville's education, which, due to an exceptional teacher, was likely to have featured more interesting mathematics than the standard schooling of the time. Section 6 looks at the mathematicians and mathematics books that are mentioned in Moby-Dick. (Farmer, 2016 ) that one of the goals of her essay is to 'be available as historical scaffolding for work on Melville's engagement with different branches of science, technology, engineering and mathematics'. It is my hope that the current article can form a small contribution to this work.
Meredith Farmer writes

A brief biography
Herman Melville was a very private person -here was a man who would hang a towel over the doorknob of his study in order to obscure the keyhole in case anyone might be tempted to peep through it. Only around 300 of his letters survive -as Delbanco points out, this is tiny in comparison to the 12,000 surviving letters by Henry James (Delbanco, 2006) . Add to this the fact that after some early success his work was badly received and he sank into obscurity and relative poverty even in his own lifetime, and the challenge for any biographer is magnified. I have drawn for this biographical sketch mainly on the books of Delbanco and Parker ((Delbanco, 2006; Parker, 1996) . Herman Melville was born in New York on 1 st August 1819, so 2019 is his bicentenary. Herman was the third of eight children of Allan and Maria Melvill (the "e" was added by Maria after Allan's death). Maria came from the respected and well-off Gansevoort family; she was a very religious woman and the bible was read in the house every day. Allan was an import merchant, whose many business enterprises invariably ended up in failure and debt. He had to borrow repeatedly from his and Maria's families. By October 1830 Allan Melvill's financial affairs were in such a bad state that the family had to leave New York, leaving many debts behind them. They moved to Albany, where they were financially supported by Maria's brother Peter Gansevoort. By the time Allan died in 1832 there was no choice but for Herman to find work, and he got a job as an errand boy at the New York State bank in Albany. He only had a few more months of formal education after this, in 1835 and again in 1836. He moved from job to job, never settling for long. He had a short-lived teaching job, then in Autumn 1838 did some training in engineering at a local academy (Lansingburgh), with a view to getting a surveying job in the construction of the Erie Canal, but this never materialised. In the Spring of 1839, frustrated with life in Albany, he followed the example of one of his cousins, and sailed as a cabin boy aboard a merchant ship travelling between New York and Liverpool. On his return home he tried teaching again, in the Greenbush village school in Albany, but this too didn't last. (Selby, 1998) , which includes lengthy extracts from several reviews. Early reviews were mixed. The review in Harper's New Monthly Magazine (Selby 1998; 23) (Selby, 1998; 42) .
Moby-Dick was vigorously championed in the 20 th century as an emblematic work of the 'American
Renaissance' by scholars in the new field of American Studies. To contextualise this slightly, one of the challenges for the development of a truly 'American' literary tradition in the 19 th century had been that international copyright laws were not yet established. This meant that American publishers could print editions of works by British authors without paying royalties and could therefore make much bigger profits from them. (This is partly why Dickens was such a sensation in America -he complained that he hadn't made a penny from the huge book sales in the US.) Between 1820 and 1830, only around 100 novels by American writers were published. This number roughly trebled in the next decade, and by the 1840s there were nearer a thousand American novels. Melville can thus be said to have been part of the first wave of American writers of fiction. His work, and Moby-Dick in particular, became, from the 1920s, key components in the newly established narrative of American literary history. Since that time, Moby-Dick has been viewed as one of the great works of literature, whose 'greatness is unlike that of any other book', as Leo Bersani writes (Selby, 1998; 134) .
The novel has been interpreted in many ways, over a dozen of which appear in Slade's book on the symbolism of Moby-Dick (Slade, 1998) , who remarks that Moby-Dick 'has enjoyed voluminous and penetrating criticism for a century'. The white whale has been interpreted, among other things, as a symbol for Milton's Satan, the Old Testament God, Death, evil, terror, good, fate, man's interpretation of the meaning of life, and resurrection. Sometimes it is even thought of as a whale. Ahab, meanwhile, is Faust, or abolitionist Garrison, or anti-abolitionist John Calhoun (Selby, 1998; 141) , or, for D.H. Lawrence, 'the last phallic being of the white man'.
The book as a whole has been read as a study of monomania, of hubris, or even, in one memorable article 'the psychological and philosophical ramifications of contemporary theories of digestion' (Doty, 2017) . Slade (Slade, 1998; 38) refers to an essay by the psychoanalyst Henry A. Murray in which he writes, '[s]ince Ahab has been proclaimed the "Captain of the Id", the simplest psychological formula for Melville's dramatic epic is this: an insurgent Id in mortal conflict with an oppressive cultural superego.' (A lengthy extract from this essay is given in (Selby, 1998) ).
Mathematical Imagery and Symbolism in Moby-Dick
'Critics feel that the nature of one's experiences will determine the meaning he will see in the whale,' says Slade (Slade, 1998; 27) . Thus, as a mathematician perhaps it was inevitable that I would spot mathematical allusions. In this section I will illustrate with selected examples that the choice of metaphors and imagery used by Melville shows the pleasure he seems to take in mathematical ideas. I will also look at the symbolic use of calculation and measurement in the novel as attempts to control the natural world. 
Mathematical Metaphors
The Trypots
The following quotation was mentioned in an excellent lecture by Tony Mann some years ago at BSHM meeting; it was what prompted me to read Moby-Dick and to write this article. The reference here is to the so-called tautochrone problem, to find the curve for which the time taken by a frictionless object sliding under gravity to the lowest point of the curve is independent of the starting point. A cycloid is the curve produced by a point on the circumference of a circle, or wheel, as it rolls along a straight line. If the circle has radius r, the line is the x-axis, and the point on the rim starts at the origin, then the cycloid consists of the points ( − sin , − cos ), where is the angle through which the circle has rotated. The first arch of the cycloid corresponds to the range 0 ≤ ≤ 2 and it is to this shape that Melville is referring. As show in Figure 3 , the curved shape of a trypot's cross-section, at least up to its widest point, could plausibly approximate a cycloid.
We do not know for sure who first discovered the cycloid, but a strong contender is Charles de Bovelles, who described the curve in his 1503 Introductio in geometriam. Bovelles was an influential French mathematician, whose Géométrie en françoys was the first scientific work in French ever printed. The tautochrone problem was first solved by Christiaan Huygens in 1659 -the required curve is a cycloid. The proof was given in his 1673 book Horologium Oscillatorium. If we take the inverted arch of the cycloid generated by a circle of radius r, then Huygens proved that the time of descent is √ (where g is acceleration due to gravity).
How did Melville learn about cycloids? They would not have been routinely taught in schools. However, though we do not know which edition of Euclid Melville had, cycloids were discussed in the introductions to several of the editions that could plausibly have belonged to him. Turpin mentions Potts' edition of 1845 as a possible contender (Turpin, 2015) . Robert Potts (1805 -1885) was an English mathematician; his edition of Euclid was widely used for much of the 19 th century. However, I am not entirely persuaded by this: the introduction of Potts' edition (Potts, 1845) does mention cycloids, but only to assert (probably incorrectly) that they were invented by Galileo and that 'Pascal challenged the mathematicians of his day to prove some properties of the cycloid; but as the answers he received from Wallis and other eminent men were unsatisfactory, he himself gave the complete proofs of all the properties mentioned in his challenge'. Cycloids are not defined, nor are their properties, such as the tautochrone property, described. It is possible that the young Melville read this introduction, but without another source, this is not enough. As we shall see in the next section, Melville was very fortunate in one of his mathematics teachers; my conjecture is that he learned about cycloids from this teacher, as it is precisely the kind of thing one entertains bright pupils with.
Measurement
The 19 th century was a time of increased systematisation and formalisation across the sciences, with animal and plant species being ever more carefully classified, and taxonomies being standardised. (Mathematics too headed in this direction -perhaps we could call the quest of Russell and Whitehead's Principia Mathematica the Moby-Dick of mathematics, fatally undone by Gödel so soon after.) We will see later in our discussion of Maury's work (Section 6), that even such apparently quixotic phenomena as weather, ocean currents and the movements of whales, were starting to be analysed and pinned down in the manner of a Victorian lepidopterist affixing specimens in a glass case. In Moby-Dick, there are chapters on 'Cetology' in which Ishmael attempts a classification of whales (using the publishing terms Folio, Octavo and Duodecimo to divide the whales by size). The facetiousness of this classification speaks to Ishmael's understanding that, although we cannot hope to control nature and the sea by pure force of logic, we still, being human, need such structures to cling to, else we would drown in the ocean of information. Mathematics, in other words, is one way in which we navigate through the unknowable universe. 
Melville's Education
At the time when Herman Melville was being educated, there were several different types of schools available in New York State; these are described in (Titus, 1980 When the family moved to Albany in October 1830, Herman and his older brother Gansevoort were registered at the Albany Academy, recognised as the best school in the state, and one that had exceptionally good facilities -a well-equipped laboratory, an extensive library and state-of-the-art meteorological observation instruments (due to a law that required the thirty state academies to provide annual weather reports). Herman (now aged 11) studied geography, reading, spelling, penmanship, arithmetic, English grammar, and natural history (Parker, 1996) . He was expected to learn by heart 'catechisms' in history, including that of ancient Greece and Rome, as well as classical biography and Jewish antiquities. In a report to the Board (Titus, 1980) . Herman seems to have excelled in these lessons. In the Summer of 1831, he won a prize for being 'the first best in his class in ciphering books'. Most biographers, though mentioning this, do so only in the context of pointing out that the award 'surprised everyone'. In fact, as Farmer notes (with some frustration!) one biographer 'immediately shifts from Melville's "mathematics examination" to the fact that the [poetry] book he received as a prize "ignited a spark of poetry in his soul" -arguably transposing Melville's math award into a sort of origin story for his literary future.' As a mathematician, my view is of course that mathematics itself is a form of poetry and that if Herman had a teacher who could show some of that poetry to his pupils (as seems likely, see below), then could it not have been just as much the mathematics as the prize that spurred his creativity?
Sadly, the family finances were in such a parlous state by October 1831, that Herman had to be withdrawn from school and find work. He had little education after this point, though in 1835 he joined the Albany Young Men's Association, a 'mutual improvement society', with debating clubs and access to many books for private study. Briefly in the Spring of 1835, Herman was enrolled in the Albany Classical School, and then in September 1836 he returned to the Albany Academy, where he enrolled in the Latin course. Again, he had to withdraw because of financial difficulties, and decided in 1837 to become a school teacher. He got a job at Sikes District School in Massachusetts, which lasted just one semester -this was one of several short-lived teaching positions. Finally, on November 12 th , 1838 Melville enrolled at the Lansingburgh Academy where he completed 'what undoubtedly was a crash course in engineering and surveying during the two quarters he attended the school' (Titus, 1980) . The object of these studies was seemingly to secure a job on the Erie Canal build. But, fortunately for literature, this job never materialised.
As so often, it may have been an inspirational teacher who gave Melville an interest in mathematics and science. The class in which he won the prize for ciphering was taught by Joseph Henry, Professor of Mathematics and Natural Philosophy at Albany Academy.
Joseph Henry was a well-known scientist who would go on to be the first Secretary of the Smithsonian. He was arguably the first build practical devices that used electromagnets -an early version of one of these was a bell that could be rung remotely via a battery connected with a wire. His experiments with electromagnetic relays were the basis of his telegraph machine, which he built at the Albany Academythis laid the foundation for Morse's electrical telegraph. His discovery of inductance is the reason the modern SI unit of inductance is the henry (the discovery was independent of Faraday, though British readers will know that Faraday's work predates Henry's, which is why Faraday is credited with the discovery). In summary, Joseph Henry was a highly unusual school teacher.
Extant letters from Henry describe his difficulties in finding a good textbook, and a petition to the Academy's board (Farmer, 2016) 'to add a more advanced textbook for the Department's "higher students" just months before Melville won his ciphering award'. He was unsatisfied with his ultimate choice -Daboll's Arithmetic -dismissing it as 'a book of examples' 'good for nothing else'. Joseph Henry seems to have been a passionate and innovative teacher. He used visual aids like maps and charts, and demonstrated science experiments in class. He even used an exciting innovation, a blackboard, for teaching chemistry and mathematics. Henry's lectures on chemistry and physics, which were part of the advanced curriculum, were open to the public. He would often demonstrate his telegraph machine for awestruck pupils. Henry is the prime candidate, in my view, for the sort of teacher who may have taught his pupils about cycloids and the tautochrone problem.
Even after leaving school, Melville did not turn his back on technical subjects, as one may have expected. Farmer summarises his post-Academy years as follows: 'he worked at a bank, kept the books in a shop, and then taught mathematics before turning to a field that required him to learn geometry and trigonometry. Only after that failed -when he was unable to secure a position in engineering -Melville called upon "the only other talent he had" and submitted his first story' (Farmer, 2015) . He did not train as a lawyer or go into business; he chose to train as a surveyor. This is the choice of someone aware that they are good at mathematics.
While we cannot know for sure which books Melville read, Turpin lists nine books 'touching on the subject of mathematics' that there is evidence for Melville having 'owned, borrowed or been familiar with' (Turpin, 2015 Generations of American schoolchildren would have been familiar with 'Daboll's arithmetic'. It was the most widely used text book in American schools from 1800 to at least 1850. The author, Nathan Daboll, was a mathematics teacher in Connecticut. His Daboll's schoolmaster's assistant: being a plain, practical system of arithmetic, adapted to the United States, first appeared in 1799, with an updated, expanded version published in 1814. Daboll went on to set up a navigation school, and his Practical Navigator was published (posthumously) in 1820. He also wrote, or contributed to, many almanacs. Florian Cajori, the American historian of mathematics, wrote that Daboll was one of the three 'great arithmeticians in America'.
Melville used Daboll's arithmetic as a schoolboy and almost certainly also as a teacher. The book is focused on practical skills that would be needed by merchants and tradesmen, but it contains some quite advanced material. The book starts with basic arithmetic, but contains such topics as annuities, pensions, compound interest, currency conversion, duodecimals, brokerage, extraction of roots, arithmetic and geometric progressions and even permutations. There are tables of units to help you work out the number of scruples in a dram, or the number of hogsheads in a pipe. 
Maury
In a chapter entitled 'The Chart', we see Captain Ahab, with furrowed brow, obsessively studying maps and charts. Melville writes about the theoretical possibility of using ships logs to construct migratory charts of the sperm whale. In fact precisely such a project was being undertaken while he was writing Moby-Dick. He added a footnote in production to that effect: Matthew Fontaine Maury (1806-1873) was an officer of the U.S. Navy, a pioneer of oceanography and meteorology, and an early proponent of what we now call Big Data. While serving at sea he became very interested in patterns of currents, winds and other nautical and meteorological phenomena. He became interested by the idea of producing charts showing these data, and when an injury forced him out of active service and into a desk job as head of the Depot of Charts and Instruments, he happened upon a way to create these charts. He discovered that in storage were log books from every American ship for a century, but nothing had been done with the vast amount of data they contained. He started to collect and collate these data, giving predictions for currents and winds at different times of the year in different places. They really are astonishing feats of calculation. In (Guarnieri, 2018 ) a wind diagram from Maury's The Physical Geography of the Sea is reproduced. Guarnieri explains that '[t] hese tables are the result of 1,159,353 distinct observations concerning the strength and direction of the wind, and, roughly, 100,000 observations on the barometric measurements at sea'. The charts he produced allowed navigators to plan new routes, which resulted in dramatic reductions in ocean-crossing times -the first voyage using Maury's data sailed a route that normally took 110 days in just 75 days. The whale chart referred to in Moby-Dick is shown in Figure 5 . It shows the distributions of several types of whales, indicating seasonal variations. It can be plainly seen from the chart that whales were mostly being found in the Pacific Ocean -this is unfortunately because whales had by that time been hunted almost to extinction in the Atlantic.
Conclusion
Herman Melville, particularly in Moby-Dick, makes use of many more mathematical references and metaphors than other contemporary authors. We cannot explain this purely by proving that Melville knew more about Euclid than Hawthorne, for instance -though he almost certainly did. The choice of allusions used in a book is based on three things: the author's store of knowledge; their personal inclinations and interests; and what he or she wants us to infer about the narrator and about the larger themes of the novel. One would of course expect a book about a whaling voyage to feature more references to quadrants than, say, Pride and Prejudice. This, though, is not enough to explain the wealth of metaphors unconnected to navigation in the novel. We have seen that Melville had a good education in mathematics from an inspirational teacher. But transcending all this is what we hope this article has shown: that Melville actively enjoyed mathematics and mathematical ideas, and that this shines through in his work.
